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Pertussis toxin (PTX) is recognized as a specific tool that
uncouples receptors fromGi and Go through ADP-ribosylation.
During the study analyzing the effects of PTX on Ang II type 1
receptor (AT1R) function in cardiac fibroblasts, we found that
PTX increases the number of AT1Rs and enhances AT1R-
mediated response. Microarray analysis revealed that PTX
increases the induction of interleukin (IL)-1� among cytokines.
Inhibition of IL-1� suppressed the enhancement of AT1R-me-
diated response by PTX. PTX increased the expression of IL-1�
and AT1R through NF-�B, and a small GTP-binding protein,
Rac,mediated PTX-inducedNF-�B activation throughNADPH
oxidase-dependent production of reactive oxygen species. PTX
induced biphasic increases in Rac activity, and the Rac activa-
tion in a late but not an early phase was suppressed by IL-1�
siRNA, suggesting that IL-1�-induced Rac activation contrib-
utes to the amplification of Rac-dependent signaling induced by
PTX. Furthermore, inhibition of TLR4 (Toll-like receptor 4)
abolished PTX-induced Rac activation and enhancement of
AT1R function. However, ADP-ribosylation of Gi/Go by PTX
was not affected by inhibition of TLR4. Thus, PTX binds to two
receptors; one is TLR4, which activates Rac, and another is the
binding site that is required for ADP-ribosylation of Gi/Go.

PTX,2 a major virulence factor of Gram-negative bacillus
Bordetella pertussis, which causes whooping cough, is well

established as a pharmacological tool for a specific inhibitor of
Gi signaling. PTX is composed of A-protomer and B-oligomer,
and A-protomer exerts ADP-ribosyltransferase activity on the
� subunit of heterotrimeric Gi proteins (G�i), leading to inhi-
bition of receptor-G protein coupling (1, 2), whereas B-olig-
omer of PTX recognizes and binds carbohydrate-containing
receptors that deliver A-protomer into the cytosol (3). How-
ever, several reports have demonstrated that PTX has addi-
tional effects, such as enhancement of immune responses
(4–6), increase in adenosine A1 receptor density (7), and acti-
vation of tyrosine kinase,mitogen-activated protein kinase, and
NF-�B (8–10). These effects of PTX are reported to be inde-
pendent of Gi modification.
Angiotensin (Ang) II plays an important role in the regula-

tion of hypertrophy and/or hyperplasia of cardiovascular cells
(11–13). In cardiac fibroblasts, Ang II has been demonstrated to
stimulate the processes related to extracellular matrix remod-
eling (14). The biological function of Ang II is mediated by Ang
II receptors located on the plasma membrane. Two isoforms
(type 1 (AT1) and type 2 (AT2)) of Ang II receptor have been
identified, but most of the cardiovascular effects of Ang II are
attributed to AT1R (15). AT1R belongs to the Gq-coupled
receptor family. Stimulation of AT1R activates phospholipase
C and increases [Ca2�]i through the production of inositol
1,4,5-trisphosphate, leading to the modulation of fibroblast
activities, such as cell proliferation and extracellular matrix
protein synthesis (16).
An increase inAT1Rdensity is one of the features to enhance

fibrogenic responses of the heart. For example, an increase in
AT1R density has been reported in the heart after myocardial
infarction (17, 18) and in hearts from biopsies from patients
with spontaneous intracerebral hemorrhage (19). Several cyto-
kines, such as tumor necrosis factor (TNF)-� and interleukin
(IL)-1�, have been reported to up-regulateAT1R (17, 20).How-
ever, the molecular mechanism responsible for the increase in
AT1R density is still unknown.
Many studies suggest that low concentration of ROS acts as a

second messenger in the cardiovascular system (21, 22). Stim-
ulation of IL-1� and TNF-� induces ROS production through
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NADPH oxidase activation (23). A small GTP-binding protein,
Rac, regulates the activity ofNADPHoxidase (24) andmediates
IL-1�- or TNF-�-induced ROS production and NF-�B activa-
tion (25). We have previously reported that Rac mediates Ang
II-stimulated ROSproduction throughNADPHoxidase activa-
tion in cardiac myocytes and cardiac fibroblasts (26, 27). Over-
expression of constitutively active Rac1 induces hypertrophic
responses in isolated cardiomyocyte and dilated cardiomyopa-
thy in vivo (28, 29). Although a high concentration of hydrogen
peroxide (H2O2) is reported to decrease AT1R density (30), it is
unknown whether production of low concentration of ROS via
Rac-mediated NADPH oxidase activation participates in the
receptor-stimulated increase in AT1R density of cardiac cells.
Toll-like receptors (TLRs) play a critical role in both innate

and adaptive immunity (31). There are at least 10 TLRs identi-
fied so far in humans, which specifically recognize and bind to a
variety of pathogenic factors, including lipopolysaccharide. The
mouse heart expresses at least six receptors (TLR2, -3, -4, -5, -7,
and -9), and the stimulation of these receptors induces activa-
tion ofNF-�B. TLR2 andTLR4have been extensively studied in
the heart, and both receptors are in part responsible for cardiac
dysfunction in certain pathological conditions (32). Recent
studies have elucidated that PTX functions as a superior ligand
for TLR4 (6, 10). Although stimulation of TLR4 results in pro-
duction of proinflammatory cytokines, it has not been reported
that PTX exerts some pharmacological action(s) through TLR4
in cardiovascular cells, and it is unknown whether PTX-in-
duced ADP-ribosylation of Gi/Go requires TLR4-mediated
entry into cells.
During the study of the role of Gi proteins inAT1R-mediated

fibrotic responses using rat neonatal cardiac fibroblasts, we
found that PTX enhances Ang II-induced increase in [Ca2�]i.
Because we previously reported that the treatment with PTX
increases Rac activity in rat neonatal cardiac myocytes (26), we
hypothesized that Rac is implicated in PTX-induced enhance-
ment of Ang II signaling in cardiac fibroblasts. In this study, we
demonstrate that PTX B-oligomer induces Rac activation
through a pathway independent of ADP-ribosylation of Gi/Go.
PTX increases IL-1� induction through sequential activation of
TLR4, Rac, NADPH oxidase, and NF-�B, which leads to AT1R
up-regulation through amplification of Rac-dependent signal-
ing in rat cardiac fibroblasts.

EXPERIMENTAL PROCEDURES

Materials, Recombinant Adenoviruses, and Culture of Car-
diac Fibroblasts—PTX, simvastatin, and anti-G�q/11 antibody
were purchased from Calbiochem. Ang II was from Peptide
Institute. Mastparan-7, ATP, wortmannin, and diphenylene-
iodonium (DPI) were purchased from Sigma. Ro-106-9920 was
from Tocris. Rat IL-1� and PTX B-oligomer were fromWako.
Rabbit anti-rat IL-1� antibody and the rat IL-1� ELISA kit were
from Endogen. Anti-G�11, anti-PLC�3, anti-I�B�, anti-p65,
anti-RhoA, anti-rabbit IgG, and anti-mouse IgG antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). [125I]Ang II, [32P]NAD, and glutathione-Sepharose
beads were from Amersham Biosciences. Anti-Rac1 and anti-
Rap1 antibodies were from Transduction Laboratories. Anti-
Ras antibody was from Upstate Biotechnology. Anti-phospho-

Akt and anti-Akt antibodies were from Cell Signaling.
Fura2/AM was from Dojindo. 2,7-dichlorofluorescein diac-
etate and Alexa Fluor 488 goat anti-rabbit antibody were from
Molecular Probes. Collagenase and Fugene 6 were from Roche
Applied Science. Dual luciferase reagents were from Promega.
pNF-�B-Luc and pRL-SV40 were from Stratagene. The
sequences coding the Rap1-binding domain of Ral-GDS, Rac-
binding domain of p21-activated kinase, Rho-binding domain
of rhotekin, or Ras-binding domain of Raf were cloned,
sequenced, and ligated into pGEX-4T-1 to make glutathione
S-transferase fusion protein constructs. Glutathione S-trans-
ferase fusion proteins were expressed at room temperature and
purified using gluthathione-Sepharose as described (33). The
cDNAencodingGRP1-PHwas provided byDr.AlexanderGray
(University of Dundee, Scotland). Recombinant adenoviruses
of GRK2 (G protein-coupled receptor kinase 2)-ct, RGS4 (reg-
ulator of G protein signaling 4), WT G�i, G�i-ct, I�B�m, GFP-
fused WT Rac, GFP-fused constitutively active Rac (G12V),
DN-Rac (T17N), DN-p47phox, and p115-RGSwere produced as
described previously (26, 34). Stealth siRNAs oligonucleotides
for rat IL-1�, TLR4, and Rac1 were from Invitrogen. Sequences
of stealth siRNA used were described in supplemental Table 1.
Cardiac fibroblasts were prepared from ventricles of 1–2-day-
old Sprague-Dawley rats, as described previously (27).
Quantification of Intracellular Ca2� and ROS Concentration—

[Ca2�]iwasmeasured by themethod described previously (35).
Briefly, cells (5 � 104) were plated on a 3 � 10-mm microcov-
erglass (MATSUNAMI) and loaded with 1 �M fura-2/AM in
the cultured medium at 37 °C for 30 min. Cells were washed
with HEPES-buffered salt solution containing 107 mM NaCl,
6 mM KCl, 1.2 mM MgSO4, 0.5 mM EGTA, 20 mM HEPES (pH
7.4), and 11.5 mM glucose. Measurement of intracellular ROS
concentration was performed in 2 mM Ca2�-containing
HEPES-buffered salt solution with a fluorescent dye, 2,7-di-
chlorofluorescein diacetate, as described previously (27). Fluo-
rescence images were recorded and analyzed with a video
image analysis system (Aquacosmos, Hamamatsu Photonics).
The peak changes (�F/F0) of dichlorofluorescein fluorescence
intensity were identified as values obtained by subtracting the
basal fluorescence intensity (F0) from the maximal intensity
during a 15-min PTX treatment.
Measurement of IL-1� mRNA and Protein Expression—Ex-

pression of IL-1�mRNAandproteinwasmeasured by real time
reverse transcription-PCR and ELISA, as described previously
(36). For the preparation of real time reverse transcription-PCR
analysis, cells (3 � 105) plated on 6-well dishes were treated
with PTX for 24 h and lysedwith 400�l of RLT buffer (Qiagen).
For ELISA, cells (1 � 105) on 12-well dishes were treated with
PTX (100 ng/ml) in 500 �l of medium, and cells were then
collected together with medium. After cells were homogenized
with a 26-gauge syringe, 100 �l of supernatants were used.
Assays were performed according to the manufacturer’s
instructions.
Microarray Analysis—Cells (1 � 106) plated on 35-mm

dishes were treated with PTX for 24 h and lysed with 400 �l of
RLT buffer. Total RNA was extracted with the RNeasy minikit
(Qiagen) and RNase-free DNase set (Qiagen). Total RNA was
converted to biotin-labeled cRNA, which was hybridized to the
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rat genome U34AGeneChip (Affymetrix) for 16–24 h at 45 °C.
The hybridization signals on the microarray were scanned and
computed at a target intensity of 500 by a GeneChip Scanner
3000 and GeneChip Operating Software (Affymetrix), respec-
tively. The data analysis was performed as follows. At the first
step, probe sets without expression in the fibroblasts, which
were indicated as absent by absolute analysis in more than half
of the replicates in both the control and PTX-treated groups,
were eliminated from the data set. Then, if the difference in the
mean signal intensity of a given probe set was equal to the cut-
off (1.25-fold) or more between the control and PTX-treated
groups and if its p value calculated by Student’s t test was less
than 0.05, that probe set was employed. At the last step, probe
sets with an annotation “signal transduction” (GO:0007165) in
the AmiGO data base (available on theWorldWideWeb) were
extracted, using the NetAffx Gene Ontology Mining Tool
(available on the World Wide Web).
Ang II Binding Assay—Measurement of Ang receptor bind-

ing was performed according to the previous report (15) with a
slight modification. After various treatments for 24 h, cardiac
fibroblasts were rinsed with 10 ml of ice-cold phosphate-buff-
ered saline and mechanically detached in 1 ml of ice-cold lysis
buffer containing 10 mM Tris, pH 7.4, 5 mM EDTA, 5 mM

EGTA, 1 �g/ml benzamidine, 10 �g/ml soybean trypsin inhib-
itor (type II-S), and 5 �g/ml leupeptin. The cell lysate was cen-
trifuged at 45,000 � g for 10 min at 4 °C. The pellet containing
crude membrane fraction was resuspended in 1 ml of ice-cold
lysis buffer with a Potter type homogenizer, frozen, and stored
at �80 °C until use. After the concentration of membrane pro-
tein was determined, membrane protein (20 �g) was used for
the binding studies. The membrane was incubated with 0.1 nM
125I-Ang II in 75mMTris, pH 7.4, 12.5mMMgCl2, 2mM EDTA,
and increasing concentrations of unlabeled Ang II (0–14 nM)
for 1 h at 25 °C. Nonspecific binding was determined in the
presence of 1 �M unlabeled Ang II. The reaction mixture was
filtered over Whatman GF/C filters. The filters were washed
with ice-cold buffer containing 25 mM Tris, pH 7.4, and 1 mM

MgCl2. The bound 125I-Ang II on the filters was measured with
a �-counter. The values of Kd and Bmax were calculated by
Prism software (GraphPad Software, San Diego, CA).
Measurement of NF-�B Activity—After adenovirus was

infected at 100 MOI for 2 h in serum-free medium, fibroblasts
(3� 105 cells) in a 24-well plate were transiently co-transfected
with 0.45 �g of pNF-�B-Luc and 0.05 �g of pRL-SV40 control
plasmid, using Fugene 6 (27). Luciferase activity was measured
48 h after transfection with dual luciferase reagents.
Measurement of Small GTPase Activities—Activation of

small G proteins was determined as described previously (26).
Activated Rac, Rho, Ras, and Rap1 were pulled down with 5 �g
of glutathione S-transferase-fused Rac-interacting domain of
p21-activated kinase (PAK-CRIB), Rho-binding domain of rho-
tekin (34), Ras-binding domain of Raf-1 (37), and Rap1-binding
domain of Ral-GDS (38), respectively. Pulled-down small G
proteinswere detectedwith anti-Rac1, anti-RhoA, anti-Ras and
anti-Rap1 antibodies. For knockdown of Rac1, cells were trans-
fected with a mixture of Rac1 siRNAs (50 nM each) for 72 h.

Confocal Visualization of GFP-fused Proteins andNF-�B p65
Subunit—Cells (1 � 105) plated on glass bottom 35-mm dishes
were infected for 24 h with GFP, GFP-Rac, GFP-constitutively
active Rac, GFP fusion protein with PX domain of p40phox
(p40phox-PX), and p40phox-PX (R105K). After the treatment
with PTX (100 ng/ml) for 24 h, cells were fixed by 10% formal-
dehyde neutral buffer solution. For localization of NF-�B, cells
were stainedwith anti-p65 antibody. Fluorescence images were
measured at an excitation wavelength of 488 nm with a laser-
scanning confocal imaging system (Carl Zeiss LSM510).
In Vitro PTX-catalyzed ADP-ribosylation Assay—In vitro

ADP-ribosylation of G�i proteins by PTX was performed as
described previously (39) with a slight modification. Briefly,
cardiac fibroblasts pretreated with or without 100 ng/ml PTX
for 24 h were harvested with ice-cold lysis buffer containing 50
mM Tris (pH 7.5), 5 mM EDTA, 5 mM EGTA, 10 �g/ml benza-
midine, 5�g/ml aprotinin, and 5�g/ml leupeptin. After centri-
fugation at 15,000 rpm for 10 min at 4 °C, the pellet was resus-
pended in lysis buffer. PTX was preactivated by incubation in
the solution containing 50mMTris (pH 7.5), 5 mMATP, 20mM

dithiothreitol, and 1mg/ml bovine serum albumin for 30min at
30 °C. Then activated PTX was added to the assay mixture,
including 100�g of themembrane, and incubated for 60min at
30 °C. The final concentrations of all reagents in the assay mix-
ture were as follows: 50 mM Tris (pH 7.5), 50 �M GDP, 10 mM

thymidine, 5 �M NAD, 0.5 �M [32P]NAD, 20 �g/ml PTX, 0.2
mg/ml bovine serumalbumin, 1mMATP, and 4mMdithiothre-
itol. The reaction was stopped by the addition of an excessive
amount of ice-cold 50 mM Tris (pH 7.5), and the samples were
centrifuged at 15,000 rpm for 10 min at 4 °C. The pellet was
solubilized in SDS sample buffer, boiled, and subjected to 12%
SDS-PAGE. Radioactive bands were detected by filmless auto-
radiographic analysis (BAS2000 system, Fujifilm).
Statistical Analysis—The results are presented as mean �

S.E. from at least three independent experiments. The repre-
sentative data of time course experiments were plotted from
one of three similar experiments that were performed with
more than 20 cells. The mean values were compared with con-
trol by one-way analysis followed byDunnet’s t test (for three or
more groups) or Student’s t test (for two groups).

RESULTS

PTX Enhances Ang II-induced Ca2� Release through AT1R
Up-regulation—During the study of AT1R function in cardiac
fibroblasts, we found that treatment with PTX enhances tran-
sient increase in [Ca2�]i induced byAng II at low concentration
in the absence of extracellular Ca2� (Fig. 1A). The EC50 value of
Ang II for the changes in [Ca2�]i increases was 464 � 44 pM in
control cells, whereas the EC50 value was decreased to 91 � 33
pM in PTX-pretreated cells (Fig. 1B). However, the ATP-in-
duced Ca2� release was not affected by PTX (Fig. 1C). These
results suggest that PTX selectively enhances Ca2� response
induced by AT1R stimulation. We also found that treatment
with PTX for 24 h resulted in a 2-fold increase in maximal
125I-Ang II binding activity (Bmax) in comparison with PTX-
untreatedmembrane (Fig. 1D). PTX increased AT1R density in
a time-dependentmanner, andmore than 18 hwas required for
a 2-fold increase in AT1R density (supplemental Fig. 1). The
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PTX-induced increase in Bmax was completely suppressed by
CV11974 (1 �M, AT1R-selective blocker) but not by PD123319
(1 �M, AT2R-selective blocker) (data not shown). The Kd value
was not affected by PTX (Fig. 1E), indicating that the PTX-
induced enhancement of AT1R function is not explained by
structural changes in AT1R. It has been reported that the
increased expression of G�q/11 and PLC�3 is involved in the
enhancement of Ang II-induced Ca2� responses in the ische-
mic heart (40, 41). However, PTX did not affect the expression
levels of G�q, G�11, and PLC�3 (Fig. 1F). These results suggest
that the enhancement of Ang II-induced Ca2� release in PTX-
treated cells is due to AT1R up-regulation but not up-regula-
tion of components of the G�q-PLC� pathway.

Because commercially available PTX contaminates with
other endotoxins, including lipopolysaccharide, it is possible
that other endotoxins contribute to enhancement of AT1R
function. Thus, we examined the effects of denatured PTX or
PTX purchased from another manufacturer (Sigma) on AT1R
functions. Pretreatment of PTXwith heat significantly reduced
the enhancement of Ang II-induced Ca2� release induced by
PTX (supplemental Fig. 1). In contrast, the Ang II-induced
Ca2� release was also enhanced by PTX purchased from Sigma
as well as that induced by PTX fromCalbiochem. These results
suggest that PTX proteins per se induce AT1R up-regulation in
cardiac fibroblasts.
IL-1� Production Induced by PTX Treatment—To examine

whether PTX treatment induces production of a factor(s) that
participates in up-regulation of AT1R, we performed microar-
ray analysis of mRNAs from PTX-treated fibroblasts. For each
gene, we calculated the average intensity in expression for both
control and PTX-treated cells and plotted the ratio of these two
induction values. Genes were chosen whose expression was at
least 1.25-fold increased or decreased as comparedwith control
cells. The probe sets of 405 genes showed significant changes by

PTX treatment. Genes were then assigned to several groups
according to their function, and we picked out 70 genes in the
gene cluster that is termed “signal transduction” in the AmiGO
data base (supplemental Table 2). PTX treatment selectively
increased AT1R mRNA (Fig. 2A) but not other G protein-cou-
pled receptors. Among genes increased by PTX treatment,
IL-1� and IL-1� mRNAs showed a marked increase in expres-
sion (Fig. 2A). Real-timePCRconfirmed the strong induction of
IL-1� mRNA by PTX treatment (Fig. 2B). Although PTX is
reported to increase IL-12 expression by inhibition of Gi signal-
ing in T lymphocytes (42), PTX did not significantly increase
mRNA expression of other cytokines (supplemental Table 1).
Treatment with mastoparan-7 or the expression of WT G�i or
inhibitory polypeptides of Gi signaling (G�i-ct, a polypeptide
that specifically inhibits receptor-Gi protein coupling (39);
RGS4, a GTPase-activating protein that specifically binds the
GTP-bound formofG�i andG�q (43); andGRK2-ct, aG�� (��
subunit of heterotrimeric G protein)-sequestering polypeptide
(44)) did not increase IL-1� mRNA expression (Fig. 2B). We
also confirmed that the expression of G�i-ct did not enhance
Ang II-induced Ca2� release (data not shown), and the treat-
ment with B-oligomer of PTX enhanced Ang II-induced Ca2�

release (Fig. 2C). Furthermore, ELISA revealed that the treat-
ment with PTX actually increased the expression of IL-1� pro-
tein levels, whereas the expression of IL-1� protein was below
the detection level in PTX-treated cardiac fibroblasts (Fig. 2D).
These results suggest that PTX selectively induces IL-1� pro-
duction, and Gi modification is not required for PTX-induced
IL-1� production.
IL-1� Mediates PTX-induced Enhancement of Ang II-in-

duced Ca2� Response—Because it has been reported that IL-1�
increases AT1R density in cardiac fibroblasts (17, 45), the cells
were treated with IL-1�. Treatment with IL-1� (10 ng/ml)
enhancedAng II-inducedCa2� release (EC50� 31� 26pM) but
not ATP-inducedCa2� release, in rat cardiac fibroblasts (Fig. 1,
B andC). These effects of IL-1� are similar to the effects of PTX
treatment, and the enhancement by IL-1� seems to be consis-
tent with the findings that PTX treatment increased the induc-
tion of IL-1� mRNA and protein. Thus, we examined whether
PTX-induced IL-1� production participates in the enhance-
ment of AT1R function. The PTX-induced IL-1� production
was suppressed by the treatment with IL-1� siRNAs (Fig. 2E).
The enhancement of Ang II-induced Ca2� release by IL-1�
treatment was almost completely suppressed by anti-IL-1�
neutral antibody (Fig. 2F), indicating that the antibody suffi-
ciently inhibits IL-1�-mediated responses. The enhancement
of Ang II-induced Ca2� release by PTX was also suppressed by
anti-IL-1� antibody and IL-1� siRNAs (Fig. 2G), indicating that
PTX-induced IL-1� secretion mediates the enhancement of
Ang II-induced Ca2� release.
Involvement of NF-�B in PTX-induced IL-1� Expression—As

the promoter regions of IL-1� and AT1R contain a putative
NF-�B binding site (46–48), we next examined the involve-
ment of NF-�B in PTX-induced IL-1� production. As shown in
Fig. 3A, PTX-induced increase in IL-1� mRNA expression was
suppressed by the treatment with Ro-106-9920, a selective
inhibitor of I�B phosphorylation, and by the expression of a
dominant negative I�B, I�B�m. Because Ro-106-9920 showed

FIGURE 1. PTX enhances Ca2� responses by Ang II through AT1R up-reg-
ulation. A, average time courses of Ca2� response induced by Ang receptor
stimulation with Ang II (100 pM) in control and PTX-treated cells. B and C, peak
increases in [Ca2�]i (�Ratio) plotted against various concentrations of Ang II
(B) and ATP (C) in control, PTX-treated, and IL-1�-treated cells. Cells were
treated with PTX (100 ng/ml) or IL-1� (10 ng/ml) for 24 h before agonist
stimulation. D and E, increases in AT1R density induced by PTX (100 ng/ml) for
24 h. The Bmax (D) and Kd (E) values for Ang II binding were calculated with
GraphPad Prism software. F, effects of PTX on expression of G�q/11 and PLC�3.
*, p � 0.05 versus PTX-untreated cells. Error bars, S.E.
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cytotoxic effects at higher concentration, we could not increase
the concentration to observe complete inhibition of the IL-1�
induction. The enhancement of AT1R function by PTX was
suppressed by Ro-106-9920 and I�B�m (Fig. 3B), and the PTX-
induced increase in AT1R density was suppressed by I�B�m
(Fig. 3, C and D). Because an inhibition of NADPH oxidase
activity suppresses NF-�B activation and IL-1� production

induced by G�13 activation (36), we
next examined the involvement of
NADPH oxidase. Treatment with
PTX increased NF-�B-dependent
luciferase activity (Fig. 3, E and F).
This NF-�B activation was sup-
pressed by the treatment with DPI
or by the expression of dominant
negative (DN)-Rac andDN-p47phox,
both of which are essential for
NADPHoxidase activation (24), but
not by p115-RGS, a G�13-inhibitory
polypeptide (26). These results sug-
gest that PTX induces NF-�B acti-
vation through Rac-NADPH oxi-
dase pathway and that NF-�B
mediates PTX-induced IL-1� pro-
duction and AT1R up-regulation.
RacMediates PTX-induced IL-1�

Production and AT1R Up-regula-
tion—We have previously reported
in rat neonatal cardiomyocytes that
PTX increases basal Rac activity
(26). Because the PTX-induced
NF-�B activation and IL-1� pro-
duction was suppressed by DN-Rac
(Figs. 2 and 3), we next examined
whether PTX increases Rac activity
in cardiac fibroblasts. Rac was acti-
vated from 10 min after PTX treat-
ment and still activated at 24 h after
the treatment (Fig. 4A). We also
found that PTX did not affect the
activities of other small G proteins,
Ras, Rap1, and RhoA (supplemental
Fig. 2). It has been reported that
phosphatidylinositol (PI) 3-kinase
participates in PTX B-oligomer-in-
duced antiapoptotic action against
HIV-Tat infection in NK cells (49).
We confirmed that PTXB-oligomer
increased Rac activity in cardiac
fibroblasts (supplemental Fig. 3).
Pretreatment with wortmannin
completely suppressed PTX-in-
duced Rac activation (Fig. 4B). The
activated Rac has been reported to
translocate from cytosol to the
plasmamembrane through recogni-
tion of membrane phospholipids,
such as PI 3-phosphate (PI-3-P), PI

4-phosphate, PI 5-phosphate, and PI 3,4,5-trisphosphate,
through the carboxyl-terminal polybasic region of Rac (50–52).
Confocal imaging revealed that PTXactually translocatedGFP-
fused WT Rac from cytosol to the plasma membrane, as
observed with constitutively active Rac (Fig. 4C). Pretreatment
with wortmannin inhibited PTX-induced membrane localiza-
tion of Rac. Todemonstrate the involvement of PI-3-P, p40phox-

FIGURE 2. Involvement of IL-1� production in PTX-induced enhancement of Ca2� response by Ang II
stimulation. A, effects of PTX on the expression of AT1R, IL-1�, and IL-1� mRNAs. After cells were treated with
PTX (100 ng/ml) for 24 h, total RNA was extracted. The expression of mRNAs was determined with microarray
analysis. ID numbers of primer probe sets are shown in parenthesis. B, effects of respective reagents on IL-1�
mRNA expression in cardiac fibroblasts. Cells were treated with PTX (100 ng/ml) for 24 h, treated with masto-
paran-7 (10 �M) for 12 h, or infected with LacZ, WT G�i, G�i-ct, RGS4, and GRK2-ct at 300 MOI for 48 h. The -fold
increases were calculated by the values of untreated cells (none) set as 1. C, effects of B-oligomer of PTX on Ang
II-induced Ca2� releases. Cells were treated with B-oligomer (1 or 10 nM) for 24 h before Ca2� measurement.
D, time course of PTX-induced expression of IL-1� protein. E, effects of IL-1� siRNAs, DN-Rac, and wortmannin
(WTM) on PTX-induced IL-1� production. Two different siRNAs were used. F and G, effects of IL-1� neutral
antibody (F) or IL-1� siRNAs (G) on Ang II-induced Ca2� responses in control, PTX-treated, or IL-1�-treated cells.
Cells were treated with PTX (100 ng/ml) or IL-1� (1 ng/ml) for 24 h before Ang II (100 pM) stimulation with or
without anti-IL-1� antibody (500 �g/ml). Cells were transfected with IL-1� siRNAs (100 nM) 48 h before PTX
treatment. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus PTX-untreated, B-oligomer-untreated, control
siRNA-treated, PTX-treated, or IL-1�-treated cells. Error bars, S.E.
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PX, a specific marker for PI-3-P, was expressed (53). Under the
basal condition, p40phox-PXwas predominantly localized in the
PI-3-P-enriched early endosome and nucleus (Fig. 4D). Treat-
ment with PTX for 10 min promoted the translocation of
p40phox-PX from early endosome to the plasma membrane.
However, PTX did not affect the localization of p40phox-PX
(R105K), a mutant that cannot recognize PI-3-P. The localiza-
tion of the PH domain of GRP1 (54), a marker for PI 3,4,5-
trisphosphate, and that of the PH domain of PLC�1, a marker
for PI 4,5-bisphosphate, were not changed by PTX (data not
shown). These results suggest that PTX-induced PI-3-P pro-
duction through PI 3-kinase activation is required for translo-
cation and activation of Rac.

Involvement of Rac in PTX-induced ROS Production—One of
the targets for Rac is NADPH oxidase. Because the PTX-in-
duced NF-�B activation was suppressed by DPI, DN-Rac, and
DN-p47phox (Fig. 3F), Rac-mediated activation of NADPH oxi-
dase may participate in PTX-induced NF-�B activation. We
found that PTX gradually increased dichlorofluorescein fluo-
rescence intensity, indicating ROS production in cardiac fibro-
blasts (Fig. 5). The expression of DN-Rac completely sup-

FIGURE 3. Requirement of NF-�B for PTX-induced enhancement of Ca2�

response by Ang II stimulation. A, effects of Ro106-9920 and I�B�m on
PTX-induced IL-1� mRNA expression. Cells were pretreated for 20 min with
Ro106-9920 (1 �M) or infected with I�B�m (100 MOI) for 48 h before the
treatment of PTX (100 ng/ml) for 24 h. B, effects of NF-�B inhibitors on Ang
II-induced Ca2� responses in PTX-treated cells. C and D, effects of IkB�m and
DN-Rac on PTX-induced increase in AT1R density. Cells were infected with
adenoviruses expressing IkB�m or DN-Rac 24 h before PTX treatment. AT1R
density was determined with receptor binding assay. E, time course of PTX-
induced changes in NF-�B-dependent luciferase activity. F, effects of I�B�m,
DN-Rac, DN-p47phox, DPI, and p115-RGS on PTX-induced NF-�B activation.
Cells were infected with LacZ, I�B�m, DN-Rac, DN-p47phox, or p115-RGS at
100 MOI for 48 h or pretreated with DPI (5 �M) for 20 min before the addition
of PTX (100 ng/ml) for 6 h. *, p � 0.05; **, p � 0.01 versus PTX-untreated or
LacZ-expressing cells. Error bars, S.E.

FIGURE 4. PTX induces Rac activation. A, time course of Rac activation
induced by PTX (100 ng/ml). B, effects of wortmannin on PTX-induced Rac
activation. Cells were pretreated with wortmannin (WTM; 100 nM) for 10 min
before PTX stimulation. C, localization of GFP-fused wild type Rac and consti-
tutively active Rac (CA-Rac) (G12V) with or without PTX stimulation. D, local-
ization of GFP-fused PX domain of p40phox (p40phox-PX), and PI-3-P interac-
tion-deficient mutant (p40phox-PX (R105K)) with or without PTX treatment. *,
p � 0.05 versus PTX-untreated cells. Error bars, S.E.

FIGURE 5. Effects of DN-Rac on PTX-induced ROS production. A and B,
average changes (A) and peak increases (B) in PTX-induced F/F0 of dichlo-
rofluorescein from time course experiments. The increases in PTX-induced
fluorescence of dichlorofluorescein were calculated by the value of maximal
fluorescence intensity (F) during 20 min of stimulation and initial value
of fluorescence, F0. *, p � 0.05; **, p � 0.01 versus PTX-untreated or LacZ-
expressing cells. Error bars, S.E.
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pressed this ROSproduction, suggesting that PTXactivates Rac
and turns on a signaling cascade downstream of Rac.
Essential Role of Rac in PTX-induced AT1R Up-regulation—

Because PTX-induced ROS production, NF-�B activation, and
increase in AT1R density were inhibited by DN-Rac, Rac may
play a central role in regulation of AT1R density. Inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (statins) are
known to suppress the activity of Rho family G proteins by
inhibition of isoprenylation (55). It has been reported that sim-
vastatin inhibits Rac activity in the H9c2 cell line and rat neo-
natal cardiomyocytes (56, 57). Simvastatin is also reported to
reduce AT1R density in vascular smooth muscle cells (58).
Therefore, we examined whether simvastatin inhibits IL-1�-
induced up-regulation ofAT1Rby inhibition of Rac. Treatment
with simvastatin completely suppressed the IL-1�-induced Rac
activation (supplemental Fig. 4). Consistent with this result, the
IL-1�-induced up-regulation of AT1R was also suppressed by
simvastatin and DN-Rac. The Ang II-induced Ca2� release was
also enhanced in IL-1�-treated cells, and this enhancementwas
completely suppressed by simvastatin. These results suggest
that simvastatin suppresses IL-1�-induced up-regulation of
AT1R by inhibition of Rac activity. To prove the requirement of
Rac in AT1R up-regulation more directly, we used Rac1
siRNAs. Knockdown of Rac1 almost completely suppressed
IL-1�-induced Rac activation (Fig. 6A), increase in AT1R den-
sity (Fig. 6B), and enhancement of AT1R-stimulated Ca2�

responses (supplemental Fig. 4). Thus, Rac1 may predomi-
nantly regulate AT1R up-regulation by agonist stimulation.
Because IL-1� induces Rac activation and PTX-induced IL-1�
production was completely suppressed by knockdown of Rac1
(Fig. 6C), we hypothesize that PTX-induced IL-1� production
plays a role in amplification of Rac activation. Treatment with
IL-1� siRNA suppressed the PTX-induced Rac activation at a
late phase of activation (from 6 h after the treatment) but did
not suppress Rac activation at an early phase of activation (Fig.
6, D and E). Furthermore, IL-1� siRNA also suppressed PTX-
induced nuclear localization of NF-�B in a late phase but not an
early phase (Fig. 6, F and G). These results suggest that PTX-
induced IL-1� production participates in the sustained activa-
tion of Rac and NF-�B, which is essential for AT1R
up-regulation.
PTX Stimulates TLR4, Leading to Rac Activation—We next

examined which receptor(s) functions as a target of PTX in
cardiac fibroblasts. Because TLR4 is reported to work as a puta-
tive candidate receptor of B-oligomer (10), we examined
whether stimulation of TLR4 is required for PTX-induced
AT1R up-regulation in cardiac fibroblasts. Treatment with
TLR4 siRNAs (si-88, si-1002, and si-1621) significantly
decreased TLR4 mRNA levels but did not decrease AT1R
mRNA levels (Fig. 7A). The PTX-induced enhancement of Ang
II-induced Ca2� release and increase in Rac activity were com-
pletely abolished by TLR4 siRNA treatment (Fig. 7, B andC). In
contrast, PTX-induced ADP-ribosylation of G�i proteins was
not suppressed but preferably enhanced by TLR4 knockdown
(Fig. 7D). These results suggest that TLR4 mediates PTX-in-
duced Rac activation and AT1R up-regulation, but TLR4 does
not mediate PTX-induced ADP-ribosylation of G�i proteins.

DISCUSSION

In this study, we demonstrated a novel action of PTX that
enhances AT1R-stimulated Ca2� response through AT1R
up-regulation independently of ADP-ribosylation in rat car-
diac fibroblasts. Using PTX as a powerful tool for analyzing
the mechanism of AT1R up-regulation, we demonstrated
that stimulation of TLR4 by PTX B-oligomer enhances
AT1R function. Previous reports have suggested that Syk
(spleen tyrosine kinase) and PI 3-kinase participate in TLR4-
mediated responses (49, 59). We found that PTX-induced
Rac activation was completely suppressed by inhibition of
Syk (supplemental Fig. 3) and PI 3-kinase (Fig. 5), suggesting
that Syk and PI 3-kinase mediate PTX-induced Rac acti-
vation. We also found that Rac-mediated NF-�B activation
through ROS production plays a central role in the regula-
tion of AT1R density. The PTX-induced NF-�B activation
was suppressed by DPI and the dominant negative mutants
of Rac and p47phox (Fig. 3). Because DPI is an inhibitor of
NADPH oxidase and Rac and p47phox are essential compo-

FIGURE 6. Amplification of Rac-mediated signaling by PTX-induced IL-1�
production. A, cells were transfected with siRNAs for Rac1 (si-Rac1) or their
randomized controls (si-Cont) for 72 h before 5-min stimulation with IL-1� (10
ng/ml). B, effects of si-Rac1 on the maximal increases in AT1R density by IL-1�
stimulation. Cells were treated with IL-1� for 24 h before membrane prepa-
ration. C, effects of si-Rac1 on PTX-induced production of IL-1� proteins. Cells
were treated with PTX (100 ng/ml) for 90 min. D and E, effects of IL-1� siRNA
on PTX-induced Rac activation. Cells were transfected with IL-1� (412) siRNA
(100 nM) for 48 h before treatment with PTX (100 ng/ml). F and G, effects of
IL-1� (412) siRNA on PTX-induced nuclear localization of the NF-�B p65 sub-
unit. More than 100 cells were scanned and quantified the subcellular local-
ization of p65 using Photoshop (13, 27). *, p � 0.05; ***, p � 0.001 versus
IL-1�-treated or control siRNA-treated cells. Error bars, S.E.
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nents of NADPH oxidase activation, the origin of PTX-in-
duced ROS production may be NADPH oxidase. In addition,
PTX induced degradation of I�B� proteins in a time-depen-
dent manner, which was abolished by Rac inhibition (sup-
plemental Fig. 3). Although molecular mechanism underly-
ing ROS-mediated NF-�B activation is still unknown, this
result implies that ROS-mediated inhibition of mitogen-ac-
tivated protein kinase phosphatases may be involved (60).
Because the promoter regions of IL-1� and AT1R contain a

putative NF-�B binding site, AT1R up-regulation may be
induced by direct interaction of AT1R promoter with
NF-�B. However, PTX-induced enhancement of Ca2�

response by AT1R stimulation was almost completely sup-
pressed by anti-IL-1� antibody and IL-1� siRNAs (Fig. 2).
Thus, IL-1� released from fibroblasts by PTX treatment may
be the main mechanism of PTX-induced AT1R up-regula-
tion. Furthermore, Rac1 inhibition suppressed PTX-induced
IL-1� production, and IL-1� inhibition suppressed PTX-in-
duced Rac activation at a late but not an early phase (Fig. 6).
Thus, Rac-mediated IL-1� production may amplify Rac-de-
pendent signaling through IL-1�-mediated Rac activation.
These results suggest that PTX induces AT1R up-regulation
through a TLR43 PI 3-kinase3 Rac3NADPH oxidase3
ROS3 NF-�B3 IL-1�-dependent signal pathway (Fig. 8).

We revealed that stimulation of TLR4 mediates PTX-in-
duced AT1R up-regulation. It is thought that MyD88 and Trif-
related adaptor molecule mediate TLR4-mediated NF-�B acti-
vation (32). However, it has recently been reported that
oxidized LDL induces NADPH oxidase-dependent ROS pro-
duction through TLR4 stimulation in macrophages (59). These
authors have also demonstrated that Syk but not MyD88 is
responsible for TLR4-mediated ROS production. In addition,
another study has shown that stimulation of TLR4 by PTX
B-oligomer induces activation of MyD88-independent signal-
ing pathways (10). Thus, PTX induces stimulation of TLR4 that
preferentially activates the Syk-dependent Rac signaling
pathway.
PTX is frequently used as a specific tool to examine the

involvement ofGi in cellular signaling. Abolishment of TLR4 by
siRNA did not affect PTX-mediated ADP-ribosylation of Gi
and Go (Fig. 7D). Thus, PTX binds to two receptors; one is
TLR4 that activates Rac and another is the binding site that
liberates the A-protomer into cells. So far, the Gi/Go-indepen-
dent signaling pathway is not usually considered when PTX is

used in vitro and in vivo. Because
PTX activates Rac in addition to
ADP-ribosylation of Gi and Go, it is
no longer thought that PTX is a
specific inhibitor of receptor-Gi
signaling.
Another important finding of this

study is that Rac is a physiological
mediator of AT1R up-regulation
induced by IL-1� stimulation. The
inhibition of Rac suppressed the in-
crease in AT1R density and the
enhancement of Ang II-induced
Ca2� response by IL-1� stimulation
(Fig. 6 and supplemental Fig. 4).
Because other agonists that up-reg-
ulate AT1R, such as Ang II and
TNF-�, also increase Rac activity,
Rac-mediated AT1R up-regulation
may be a common mechanism
among various stimuli. Statins are
inhibitors of 3-hydroxy-3-methyl-
glutaryl-CoA reductase and appear

FIGURE 7. Roles of TLR4 in PTX-induced Rac activation and ADP-ribosyla-
tion of Gi/Go. A, effects of TLR4 siRNAs on the expression of TLR4 and AT1R
mRNAs. B, effects of TLR4 siRNAs on PTX-induced enhancement of Ang II-
induced Ca2� responses. Cells were treated with PTX for 24 h after siRNA
treatment for 48 h. C, effects of TLR4 siRNA (si-1002) on PTX-induced Rac
activation. D, effects of TLR4 siRNA on PTX-induced ADP-ribosylation of G�i
proteins. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.

FIGURE 8. Schema of TLR4-mediated AT1R up-regulation induced by PTX. PTX induces ROS production
through sequential activation of TLR4, Syk, PI 3-kinase (PI3K), Rac, and NADPH oxidase. Although the mecha-
nism of NF-�B activation induced by ROS is still unknown, ROS mediate NF-�B-dependent expression of IL-1�.
Induction of IL-1� also induces Rac activation through IL-1 receptor stimulation, leading to amplification of
Rac-dependent signaling. Sustained activation of Rac may be required for PTX-induced AT1R up-regulation in
rat cardiac fibroblasts. A-protomer of PTX enters the cells through unidentified binding site, and ADP-ribosy-
lates Gi/Go proteins.
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to have pleiotropic effects on the cardiovascular system that are
independent of their ability to decrease serum cholesterol (14,
55). These include inhibition of cardiac hypertrophy and left
ventricular dysfunction, anti-inflammatory effects, and antioxi-
dative effects (55, 61). Recent studies have demonstrated that
statins inhibit ROS production and myocardial apoptosis by
inhibition of Rac (57). Up-regulation of AT1R is thought to be
one of the features involved in cardiac remodeling. Thus, the
present results suggest a novel mechanism in which statins
inhibit cardiac fibrosis by inhibition of AT1R up-regulation
in cardiac fibroblasts. Statins also inhibit Rho activity by
inhibition of isoprenylation. However, we could not detect
the activation of Rho, Ras, and Rap1 by PTX treatment
(supplemental Fig. 2). Thus, inhibition of Rac is essential for
the inhibition of AT1R up-regulation by statin.
In conclusion, we demonstrated a novel action of PTX that

induces AT1R up-regulation independently of ADP-ribosyla-
tion of Gi/Go. This mechanism includes TLR4-mediated Rac
activation, ROS production, and NF-�B activation. Activation
of NF-�B induces IL-1� production, resulting in amplification
of Rac signaling, which leads to increase in AT1R density. The
involvement of the TLR4-Rac signaling pathway in the regula-
tion of AT1R density will provide a possible novel target for
inhibiting cardiac remodeling. In addition, we have provided
pharmacologically important information indicating that PTX
per se influences G protein-coupled receptor signaling inde-
pendently of G�i inhibition. Activation of the TLR4-Rac signal-
ing pathway by PTX suggests that we should consider pharma-
cological actions of PTX in addition to a specific inhibitor of
Gi/Go-mediated signal transduction.
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